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F”ORN3INCE OF MULTIPLE JET-EXIT IXSTPUTIONS” 

By John M. Swihmt and Williem J. Nelsoa 

This  pager  presents  the  results of recent  exploratory  investiga- 
t ions of the  perl”ormme of c lus te red   j e t -ex i t   ins tz l la t ions  at Mach 
nmbers  Iron 0.60 -Lo 3.05. Data presented  herein were ob tahed  with 
tunnel-wzll-ncun”ied models w i t h  col&-air-jet  exhaust. The resu l t s   inc i -  
cete  that  large  bese-pressure drag coeff ic ients  m y  be encountered i n  
the  transonic and low supersonic  speed r c 4 e  end that the best  configurz- 
t ion  icvestigEte6 W E S  boat ta i led between the  n.=celles, had a cyl indr ica l  
mce l l e  zf’Terbody, wd e divergent  nozzle with e design  pressure  ra t io  
of 15. It WES also indiceted that a_fterbody terminal fairiws or  base 
bleed night be used t o  reduce the perTormnce  losses of overexpanded 
r~ozzles.  if the  t e d m l  fairings or  base bleed were appl ied   to  fixed 
ejector  geometry, an importent  saving i n  w e i g h t  and cmplexi ty  would 
r e su l t .  

INTRODUCTION 

Flecent susersonic eirglane designs, where the  engines  are  clustered 
along t h e   t r a l l i n g  e&ge of the w i z g  i n  a side-by-side &mangemen%, have 
raised r q  questions rel&.tive to   i n t e rnace l l e  znd in te r je t   in te r fe rences  
cn the base and d te rboqv dreg. The purpose of t h F s  peper i s  to   d i scuss  
the  resulzs of sone receot  imiestigations of clustered exit in s t a l l a t ions .  
Tests were cocducted a t  Mach numbers fron 0.60 t o  3.03 with j e t  t o t a l -  
3ressure ratios ~ i p  t o  43. 
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r e t i o  oi j e t   t o t a l   p r e s s u r e   t o   f r e e - s t r e w   s t e t i c   p r e s s u r e  

free-streazn s te t ic   pressure 

dynamic pressit-e 

ass-aed lrodel wing area, 0.37 sq f t 

incremental  thrust-minus-drag  coefficient 

nozzle  divergence  angle 

Ocattail   angle 

. 

An e q l o r a t o r y  investiga-bion has been  conducted ir- the  Lmgley 
9- by 12-inch blcwdawn tarnel and in   t he  Langley Lnternal  aerodyxanics 
laboratory by using wall-rnouzrted models which approximately  duplicated Jmlf 
of the eorf igcrat ion  sham  in  figure 1. InterchEngezble exit con?iguatioos 
with different  amouzdx of boatteLling,  nazzle-divergeoce  angles, en2 
afterbody teminai fzairings are preserteci  szbsequer-tly. The j e t  exhaust 
was s a u l a t e d  with cold air; nu_.r..erous test data heve showr, t'nat -this 
sLnii.at5.cn i s  adequate fo r  an  expiorstory  imestigatior, of this  %ne. 
(See  refs.  1 an6 2 . )  Base pressures,  surface  presswes between the 
nacelles,  drag, and %?zust-ninus-&ag were measured, and flow-visualization 
studies have  been race over the Mach mmber range. 
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Base Pressures 
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Efr"ect of 9ressure r z t i o  at transonic  s2eeds.-  Figure 2 shows the  
base-pressure  coefficients of side-by-side  a?rangeEer_ts e,t transonic 
speeds. The averzge  base-pressure  coefficlent o'Dtained by meraging 
the  pressures  over t'ne base is  p lo t ted   aga ins t   the   rz t io  of j e t  t o t a l  
pressure to free-streazn s ta t ic   pressure a t  Kach  numbers oT 0.90 ar" 1.25. 
Data are   for  a three-engine  cor3iguration with a jet-to-base  diameter 
r e t i o  0," 0.5 and SOEFC exi ts .  This ConTiguratioz is a basic =ode1 w i t h  
s l ight   bost ta i l i r ! !  and a f1e.t base m d  i s  not intenced es a p rec t i ca l  
conr'igu-rztion; however, collfigurEtions  with siidlzr l ines  have been 
proposed where large  mounts or" secondcry flow are avei lable   for  base 
bleed.  Single-engine  nacelle data &re shown f o r  coxparison,  inasnuch as 
wide ranges of shzpe variables h&ve been hves t ige t ed  011 siagle-englne 
nacelles zt transonic and supersonic  speeds. Tine data for   the  s ingle-  
engize configuration are f o r  a cylindrical  nacelle  with 8 sonic jet  e x i t  
and the sane  bese-to-diuzeter  ratio as the  thee-engine  clustered  config- 
uratio-n-. The date iad ica te   tha t  the trends of the  sillgle-engine and 
%he thee-engine  conflguat ions are very similaz; t'nm, the single- 
engine  nacelle da-ia could  probably be appl ied  qual i ta t ively  to   the 
clustered  exit  design. The important  thing i n  figure 2, however, is the 
mgnitude of tne  bese-pressure  coefficient, in&smckr- as t he  peak nega- 
t ive  values occur new  the  operating  Sressure  ratios  for  supersonic 
engines f o r  each Mach mdiber. In fect ,  a t  a %ch nwzber of 1.25 f o r  a 
six-engine  airplane  with  5-foot-diameter  mcelles an& 6,000 sgmre feet 
of w i ~ s  area, the  base-pressure drag coeff  icLent would be 0.0066. This 
value of CDlb indicates that, i n  a region where the tkrust mzrgin of 
the  supersonic  engine mzy be a minLxim, the  base-pressure  drag n a ~  be 
e zaaximm; consequently, there  would be a.z iocrease in acceleration  time 
and a loss Fa airplane rapze. 

- 

Effec-L of Nach n-m-Der. - Figure 3 shows the   e f fec t  of Mhch nmiber 
011 bese-pressure  coefficient. The average bese-gressure ccefsicient 
is slotted  against   Ihch nm3er a% pressure  ratios  corresponding t o  the 
schedale of engine-pressure-ratio  variation  with Mach number shown 
Fa this  f igure.   This  pessure-ratio  schedule i s  considered t o  be 
t n l c a l   f o r   t h e  supersonic  engine. The data shown in   the   t ransonic  
speed  range e re   fo r   t he  three-eagi-n-e conf3gLzretion shown i n  figure 2 
wFth  sonic jet ex i t s .  The data shown zt Mach nunibers of 1.62 and above 
ere for a s ~ i l m  fkt-base confi,c;uratioc with convergent-dFvergent 
nozzles w i t h  design  pressure  ratios of 8. The nozzles are underexpended 
for  a l l  Blah  nmbers above 1.62; however, this is the  desigo  condition 
for  sGne supersonic  engine coLfigu-rs,tions. PFaqansion ra t ios   g rea te r  

I than this value would  &e C9,b aore  negstive. The data indicate 
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that  the  base-pressure  coefficient  reaches 2 peak rLegative  value between 
Xach rxmiiers of 1 and 1.5 and then Palls ragidly with an  increase i n  
Mach nmber. The value lcoks srzll a% a Mach  number of 3 .Og; however, 
if it were applfed to   the  s ix-ergine  a i rplane w i t h  .a wing area of 
6,000 square  feet  mentioned  _previously, the  base-pressure drag coeff i- 
cient  would be  about 0.0010 or  apprcximately 7 percer,t of the  expected 
to ta l   d rag  of such a configmation. 

Effect of Boattail ing 

m e  qLestion  arises - how xuch should the ciustered  exi t  configu- 
raticln  be  bcattaLled? Shown i n  figure 4 are  three  configmations  with 
various eJzotzr.ts of boat ta i l ing.  -411 three of these  configurations 3ave 
the  sane  internal  nozzle  conto-z,  nmeiy,  ccnvergent-divergent  nozzles 
w i t ’ r  Cesign-presszre  ratios of &%cut 5. CofiiguratLcm 1 i s  an  ibealized. 
corSigursticn with zerc  base &rea and 5O of boa t ta i l ing  on the -indivi&Gal 
nacelle. It is also boat tz i led betweer, %he igdividual  nacelles. Con- 
figurszfor- 2 kas zylincbical  aacelles,  a base amulus, and boat ta i l ing 
between the naceiles.  Corfigura3ion 3 kas na 5oztf ,&il iw whe=tsoever. 
As was ststtee Srevio-csLy, comideration has keen  given tc  codigurations 
wi3h f l a t  bases similar to  configuration 3.  

l i m e  5 shows the   e f fec t  c l  b5at ta i l ing  cn increzental   thrust  
rainus drzg coefficient.  The increnental thrust m i m s  drag i s  obtained by 
s-&tracting tke  zeas-zed C m s t  minus drag of the corziguration from 
that of configuration 1 at  gressure  ratios  ccrresgonding  to  the  schedule 
v i t h  lkch  rmiber also shovn i n  %he f igxe.  Corfrgxat ion 1 wrll be used 
as che reference  ca-eiguet ioz ir, a l i  sabsequezt plots of A CF - 
in this paper.  Tie  data  imiicate  that  progressive  boattailing froxi 
configuraticr, J t c  configuratior, 1 r e su i t s  +xi e reduct5oc of drag i n  
t’r-at sexe order. It ap?e&rs tha% the overs11  boattsi l iag of the  co,digu- 
ra t ion  xay be ncre  ixportant til= t ha t  of the  individual  nacelle,  since 
coafiguratiom 2 has r e d x e d  the drag so that  it aprrroaches tha t  of con- 
fi.gure.tion 1. Base press-nes  neasured on eonflgzat ions 2 and 3 a t  .= 
!Mach mmber 02 3.05 io65cate tbAt t h e   j e t  ir;terPerence h e  t o  the un6er- 
e-mded je t  has a rmre mrked becef i c l a l  e i f e c t  03 ccafigureklon 2 
t a m  on configuration 3, EB is shorn i n   f i g m e  6.  Tne improvemeat t o  
zcp”’ LAgmatioc 3 thzt uoul6 be zbtaiaeii by the additLon of base  bleeii i s  
u-&novn, but it i s  eeec teC  tka t  base bleed  vculd  provide a smll Ixzprove- 
meat i n  base-pressure drag  coefficien+,. 

( c d  

Effect of  Afterbody-Xozzle Geometry 

In   f igure  5 the efzect of boattailirzz wiYn fixed  nozzle geometry 
was  shown. F5-e 7 shoxs t‘aree conf igx&t iom whkh represent a schedule . 
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of afterboey-nozzle geometry over the  Mach nmber  renge where each  setting 
is  6esigned t o  produce  optirnm thrust at a ?ar t icular  Mach nu?r&er. Con- 
f igurat ion 1 is  repeated from the previous  figures and configuratiolz k 
represents e aaxirrLTII1 afterburner  sett ing with a cyl i rdr ical   necel le  and 
a convergent-divergent  nozzle with a design  pressure  rEtio of 13 &t a Mach 
number of 2.4. Configaration 5 represects an intermediate  settrng w i t h  
a desigE  pressure  ratio of 11 axd design  f l ight  Wch number  of 1.9. 

The var ia t ion of incremental  thrust-minus-Crag  coefficient  with Mach 
nmber  for  these three codigurat ions i s  shorn i n   f i gu re  8. The data 
are presented  for the pressure-re.tio  schedule also shown i n  f igure 8. 
It is  indicated tkt configuration 4 i s  b e t t e r  than  the other two con- 
f igurat ions over the   en t i re  bkch number r-e. It would be expected tkt 
configuration 4 would be the best ebove E Mach  nmnber of 2.4, since it 
he6 a zero  pressure drag nacelle znd the nozzle i s  E t  o r  a5ove i t s  design 
pressure  ratio.  In ot'ner words, it i s  developing more divergent  nozzle 
th rus t  ebove this Mach number. The low value of A(CF - cD) 01" con- 
f igurzt ion 4 swges t s  the poss ib i l i ty  03 even better performence near 
M = 3.0 with e. larger  nacelle and a nozzle  having a higher  design  pres- 
sure r a t i o .  It is surprising  that   configuration 4 does not  exhibit more 
05 the  expected  large  overexpension  losses at speeds below design. It 
is noted tha t  s o m  celzy  in  experiencing  these  losses ha6 already 
occurred,  probably  because of externzl  stream end segaretion  effects i n  
the  nozzle. It m y  also be caused by the low Reynolds nmber of the 
ic t e rna l  flow. If the good performance of configuration 4 can be main- 
ta ined  into the t rmson ic  speed  rmge by e l M n & , i n g  the overexpmsion 
losses which are known t o  occ-E (see ref. 3), it night be poss ib le   to  
operEte  the  clustered  exit  over the Mach  number renge of this invest i -  
gatior, w i t h  f i x e d   e j e c t o r   g e m t r y  and there'by make a l a r g e   s a v h g   i n  
w e i g h t  a d  complexity. 

Ternincl  Fairings 

Figure 9 shows photograghs of two special  devices which were investi-  
gzted at trmsolzrc  speeds i n  a &tempt t o  reduce the overexpamion  losses 
of frxed  ejector  geomtry and t o  improve the  configuration  perform-ce. 
To the first device, shown i n  the upper left  of the figure,  six bodies 
h&ve been  applied -Lo a combination of a Low-designpressure-ratio 
convergent-divergent,  nozzle  end a curved-afterbody,  and  these  fzirings 
z r e  very  cerefully  designed  to  increase the effect ive  f ineness   re t io  
of the  afterbody and t o  provide  surfaces  for the underexpznded je t  t o  
a c t  upon. The slotted  alterbody shown i n  the lower r igh t  of t'ne figure 
i s  e v a r k t i o n  of the  te-rnfnal  fairing ides. which looks a l i t t l e  more 
convelztional. 1% coosis-ls of E, basic c-mved afterbody with a fixed- 
divergent  eJec-ior  designed  for e 2ressure   ra t io  of 10 with  longitudinal 
s lo t s   cu t   in to   the   e jec tor   th roa t   to   vent i la te   the   sur fece  a t  sonic 



speeds. Both of these terrrinal fa i r ing  rnodels showed s ignif icant  improve- 
ment i n  thrust &nus drag over their basic  configurations  throughout most 
of the  transonic speed  range. 

Since  sone  success had been attained a t  transonic  speeds,  terninal 
fa i r ixgs  were epplied t o  the Ilat-base  configuration  (conf'iguration 3), 
and f igure 10 shows the conplete model used for  the  supersonic  irvesti- 
gaticn with the  te-minal  fairings  installed.  The h t e r n a l  contour of 
the  nozzies i s  the  saxe es that or" the fiat-base  codiguratfon and the 
boatteiled  cozfiguratior- ( configcration 1) tha t  we6 shovn ea r l i e r .  The 
resllrits skowc i n   f i g z e  11, where A(% - CD) is plotted  against Mach 
number for the pressure-retio  scheiiule shown in  the  f igure,   indicate that 
the   f a i r i rg s  prov5.de a significant  inprcvenent  over  the flst-base config- 
urat ioc.   In   fact ,   they reduce  the &rag about  one-half  the way toward 
config-nz=tion 4, which was the b e a t  studieti. The drag of the   fa i r ing  
nodel was &bait t'ne saxe as %he best of the   boa t ta i l   se r ies  shown here 
as  the  reference. Obviously, t h e   f a i r i n g s   c o u l ~  have been  applied t o  
a boattailed  design and, of course, tine fairing design has not been 
optirnurnized in  the  supersooic  speed rage .  !The success  gained t o  date 
with these  terminal fairings inciicates  the need f o r  ,+urther reseerch on 
t h i s  tme of design. 

Recent eqloratory  invest igat ions of the  performnce 02 clustered 
j e t - ex i t   i r s t a l l a t ions  a t  Viach numbers f roa  0.60 t o  3.05 indicated  the 
folloding  conzlusions: 

'1. There i s  a h r g e  mount of single-engine data available that 
would apsly  quali t&tively  to the clustered-exit  design. 

2. The clustered-exit   installetions K ~ J  encouzlter very  Iwge  base 
Fressure drags ir the  trsnsonic and low supersonic  speed rmge where 
the  exit  nozzle i s  closed down to   p rmide  rraxim*a in te rna l  performance. 

3.  Gigr-ificant  effects of conTiSgpration geonetry were shovn w i t h  
the  Indieatioc,   at  least, that   overal l   boat te i l ing nay be more powerful 
than_ tha t  cf the  individuel  nacelle. 

4. The best  ccnfi&wation  investigated was a cylindrical   nacelle 
with boat ta i l ing between the  nacelles ax6 a cormergent-divergent  exhaust 
nozzle with s. design  pressure  ratio cf 15. This configuration was 
sugerior  well iats the  region where the  nozzle w&s overemanded. It 
agseers that ,  i f  sone method of delaying  these  adverse  overemamion 
ef fec ts  can  be  found, ingortant  savings io weight m-d coEglexity  can  be 



gained by f ixed  e jector   gemetry.  One 2ossible method of acconplishing 
this  i s  by the  use of terminal  fairings and another method m y  be by the 
use of base  bleed. 

Lengley Aeromutical  Laborztory, 
Nstional Advisory Camittee for Aeronautics, 

Lmgley  Field, V a .  March 20, 1958. 
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CLUSTERED  ENGINE  ARRANGEMENT 

Figme 1 

TRANSONIC  BASE PRESSURE 
JET  EFFECT OF SIDE-BY-SIDE  NACELLES 
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EFFECT OF MACH NUMBER ON BASE PRESSURE COEFFICIENT 
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Figure 3 

AFTER BODY GEOMETRY 
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Figure 4 
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INCREMENTAL  THRUST-DRAG 
EFFECT OF BOATTAILING 
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BOATTAIL AND NOZZLE GEOMETRY 
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Figure 7 

INCREMENTAL THRUST-DRAG 
BOATTAIL AND NOZZLE VARIED SIMULTANEOUSLY 
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Figure 8 
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" 9EiiMlNAL FAIRINGS 
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Figure 10 



INCREMENTAL THRUST-DRAG 
TERMINAL  FAIRINGS  APPLIED  AT SUPERSONIC SPEEDS 
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